SUMMARY

5
Dynein is a large macromolecular motor complex that moves cargo along microtubules. A 3 6 motor-independent role for the light chain of dynein, Dyn2p, in peroxisome biology in 3 7
Saccharomyces cerevisiae was suggested from its interaction with Pex14p, a component of the 3 8 peroxisomal matrix protein import docking complex. Here we show that cells of the yeast 3 9
Yarrowia lipolytica deleted for the gene encoding the homologue of Dyn2p are impaired in 4 0 peroxisome function and biogenesis. These cells exhibit compromised growth on medium 4 1 containing oleic acid as the carbon source, the metabolism of which requires functional 4 2 peroxisomes. Their peroxisomes display abnormal morphology, atypical matrix protein 4 3 localization, and an absence of proteolytic processing of the matrix enzyme thiolase, which 4 4 normally occurs upon its import into the peroxisome. We also show physical and genetic 4 5
interactions between Dyn2p and members of the docking complex, particularly Pex17p.
Together, our results demonstrate a role for Dyn2p in the assembly of functional peroxisomes 4 7
and provide evidence that Dyn2p acts in cooperation with the peroxisomal matrix protein import 4 8 docking complex to effect optimal matrix protein import. peroxisomal structures in dyn2Δ cells is primarily in the precursor form, p-Pot1p.
9 9
The limited growth of the dyn2Δ strain on YPBO medium containing oleic acid (Fig. 1B) 2 0 0 and the localization of a fraction of several peroxisomal matrix proteins to the 20KgP fraction 2 0 1 (Fig. 3A) suggested that the dyn2Δ strain contains some functional peroxisomes. Isopycnic ( Szilard et al., 1995; Titorenko et al., 1996) . Matrix proteins from dyn2Δ cells were also enriched with the results of fluorescence confocal microscopy and electron microscopy (Fig. 2) , these data 2 1 5 suggest that the peroxisome population of dyn2Δ cells is more heterogeneous in its composition
than is the peroxisome population of wild-type cells. These findings are also consistent with 2 1 7 previous observations that peroxisomal structures accumulate in yeast cells compromised in We also compared matrix protein localization in wild-type and dyn2Δ cells incubated analysis showed that matrix proteins were distributed similarly in subcellular fractions from wild-type and dyn2Δ cells (Fig. S3) increases in peroxisome size and number under peroxisome proliferating conditions. In S. cerevisiae, Dyn2p localization to the peroxisome is eliminated by deletion of the PEX14 2 3 2 gene, and Pex14p is coprecipitated by Dyn2p in affinity purification (Stelter et al., 2007) . Using associates with Pex14p in vivo in Y. lipolytica (Fig. 5A ). The ½GFP-tagged constructs of Dyn2p and Pex14p were shown to function similarly to their wild-type counterparts as they were 2 3 6 sufficient to restore growth of strains deleted for DYN2 and PEX14, respectively, on oleic acid- containing medium (Fig. S4) . The interaction of Dyn2p with Pex14p in vivo is independent of Pex14p (Fig. 5A ). In contrast, deletion of the PEX17 gene encoding another component of The association between Dyn2p and Pex14p occurred at the level of peroxisomes, as the peroxisomal marker, mRFP-SKL (Fig. 5B) . Not all peroxisomes labeled with mRFP-SKL 2 4 7 colocalized with the GFP signal, suggesting that Dyn2p may associate with a specific 2 4 8 peroxisome subpopulation or that its interaction with peroxisomes is highly dynamic. The in vivo detection of association between Dyn2p and Pex14p at the peroxisome fraction enriched for cytosolic proteins (Fig. 5C ). However, Dyn2p-mCherry was also found in enriched for small vesicles, including small peroxisomal vesicles (Fig. 5C ). Interestingly, enzyme Pot1p but not with the mitochondrial protein Sdh2p (Fig. 5D ), indicating that a portion 2 6 2 of the cell's Dyn2p localizes to peroxisomes. We performed GST pull-down assays to differentiate between direct and bridged protein 2 6 5 interactions with Dyn2p (Fig. 6A ). GST alone, or GST fusions to Dyn2p and to the peroxisomal Expression of a MBP fusion to the docking complex protein Pex13p failed due to its cytotoxicity
to Escherichia coli. Direct interaction was observed between Pex14p and Pex17p and with suggesting that Dyn2p's interaction with the peroxisomal matrix protein import complex is 2 7 4 chiefly mediated through Pex17p.
7 5
The amino acid sequence VDAQTQTE from residue 99 to residue 106 of Pex17p is mutants and truncations to act as potential binding partners for GST-Dyn2p and GST-Pex14p in
GST pull-down assays (Fig. 6B, C) . We found that mutation or deletion of the putative Dyn2p Dyn2p. This domain was not required for Pex17p to interact with Pex14p. However, deletion of C-terminus of Pex17p is required for its interaction with Pex14p. There is increasing evidence that individual components of the microtubule motor dynein have
functions not related to transport (Bharti et al., 2011; Fan et al., 1998 ; Navarro-Lérida et al., role for Dyn2p in peroxisome biogenesis, which was also supported by the observation that S. supported by our observations that normal peroxisome profiles are sometimes seen in dyn2Δ biogenesis primarily under conditions of peroxisome proliferation, as differences in peroxisome proteins from dyn2Δ cells localized to a high-speed supernatant fraction enriched for cytosolic
proteins and a high-speed pellet fraction enriched for small vesicles, including peroxisomal
vesicles, to a greater degree than matrix proteins from wild-type cells. Protease protection
analysis confirmed a defect in matrix protein import in dyn2Δ cells. Density gradient
centrifugation also showed that matrix proteins from wild-type and dyn2Δ cells showed different expected to be only partially functional, which is consistent with our observation that deletion of The differences in overall composition of the peroxisome populations between wild-type 3 5 3
and dyn2Δ cells could result from direct influences on the peroxisome biogenic cascade in Y.
lipolytica brought about by deletion of the DYN2 gene; however, the physical and genetic peroxisome biogenesis is related to a large degree in its functioning in matrix protein import. Dyn2p could act as a kind of molecular glue at the docking complex, stabilizing protein-protein interactions within a multi-protein complex, similar to the role proposed for S. cerevisiae Dyn2p
at the nuclear pore in stabilizing the Nup82p-Nsp1p-Nup159p complex (Stelter et al., 2007) . suggest that Dyn2p interacts primarily with Pex17p and that its association with Pex14p is due to
Pex14p's close proximity to Pex17p in the matrix protein import docking complex. Since Pex17p interactions with Dyn2p and its requirement for interaction with another docking complex the docking complex. Further study will be needed to determine whether this is indeed the case. In closing, we have shown that Y. lipolytica dynein light chain protein, Dyn2p, functions proteins to the peroxisomal matrix and, by extension, peroxisome maturation, probably through
its interactions with components of the matrix protein import docking complex, especially
Pex17p. Dyn2p's role in peroxisome biogenesis adds to the list of non-motility related functions that can be attributed to individual components of the dynein motor. The yeast strains used in this study are listed in Table S1 . acid.
Integrative gene disruption
Genes were disrupted by homologous transformation using fusion PCR-based integration inserted at the ClaI site of pINA445 and pUB4 to produce pINA445-mRFP-SKL and pUB4- into the EcoRI site of pTC3 to make pTC3-POT1-mRFP, pTC3-GFP-N, pTC3-GFP-C, pTC3- and pINA445-PEX17 were made similarly to pINA445-mRFP-SKL. (Fig. 2) or 21 (Fig. 5）optical sections each spaced 1 or 0 .25 µm apart were captured. Acquired 4 1 4 images were processed as described (Fagarasanu et al., 2009; Tower et al., 2011) . To remove
blur, experimentally generated 3D data sets were deconvolved through an iterative classic using Huygens Professional software (Scientific Volume Imaging, Hilversum, The Netherlands).
Imaris 7.3 software (Bitplane) was used to prepare maximum intensity, or "Blend-view",
projections of deconvolved 3D data sets. Projections were used to generate single images.
Transmission images were treated with a Gaussian filter and made white in Imaris. Collections with pUB4-DYN2-mCherry were cultured in YPD medium supplemented with hygromycin B.
2 7
Cell fractionation was performed essentially as described (Szilard et al., 1995) . Homogenized 4 2 8
spheroplasts were subjected to differential centrifugation at 1,000 × g for 10 min at 4°C in a Peroxisomes were purified from the 20KgP fraction by isopycnic centrifugation on a 4 3 7
discontinuous Nycodenz gradient at 100,000 × g for 90 min in a VTi50 rotor (Beckman) Titorenko et al., 1996) . 20KgP and 200KgP fractions were treated with dilute alkali Tris buffer 4 3 9
and separated into fractions enriched for matrix and membrane proteins by ultracentrifugation as Triton X-100 and 2 × complete protease inhibitor (Roche) for 3 h at 4°C on a rocking platform.
5 1
After settling, the resin was washed five times with PBS buffer containing 0.5% Triton X-100. Immobilized proteins were eluted by boiling in sample buffer and subjected to SDS- DsRed and GST have been described (Chang et al., 2009; Lambkin and Rachubinski, 2001 ; We thank Richard Poirier, Elena Savidov，Hanna Kroliczak and Dwayne Weber for expert 4 6 5 technical assistance and members of the Rachubinski laboratory for helpful discussions. Contribution of the endoplasmic reticulum to peroxisome formation. Cell 122, 85-95. Serine 88 phosphorylation of the 8-kDa dynein light chain 1 is a molecular switch for its with the nuclear-pore complex. Nat. Cell Biol. 9, 788-796. A novel, cleavable peroxisomal targeting signal at the amino-terminus of the rat 3-ketoacyl-
CoA thiolase. EMBO J. 10, 3255-3262. Curr. Opin. Cell Biol. 20, 393-400. Mol. Cell Biol. 2, 357-368. CoA oxidase is imported as a heteropentameric, cofactor-containing complex into Pex34p functions with the Pex11 family of peroxisomal divisional proteins to regulate the
